Stem cells are controlled, in part, by genetic pathways frequently dysregulated during human tumorigenesis. Either stimulation of Wnt/b-catenin signalling or overexpression of telomerase is sufficient to activate quiescent epidermal stem cells in vivo, although the mechanisms by which telomerase exerts these effects are not understood. Here we show that telomerase directly modulates Wnt/b-catenin signalling by serving as a cofactor in a b-catenin transcriptional complex. The telomerase protein component TERT (telomerase reverse transcriptase) interacts with BRG1 (also called SMARCA4), a SWI/SNF-related chromatin remodelling protein, and activates Wnt-dependent reporters in cultured cells and in vivo. TERT serves an essential role in formation of the anterior-posterior axis in Xenopus laevis embryos, and this defect in Wnt signalling manifests as homeotic transformations in the vertebrae of Tert 2/2 mice. Chromatin immunoprecipitation of the endogenous TERT protein from mouse gastrointestinal tract shows that TERT physically occupies gene promoters of Wnt-dependent genes. These data reveal an unanticipated role for telomerase as a transcriptional modulator of the Wnt/ b-catenin signalling pathway.
1
. Overexpression of b-catenin, a critical mediator of Wnt signalling, causes activation of epidermal stem cells and induces anagen in mouse skin [2] [3] [4] . A similar phenotype is elicited by overexpression of telomerase, the enzyme that adds DNA repeats to chromosome ends, although the mechanisms by which telomerase activates tissue progenitor cells remain poorly understood 5, 6 . The central role of Wnt/b-catenin signalling in stem-cell biology and in differentiation explains how alterations in this pathway are frequently initiating lesions in human tumorigenesis 7 . Another pathway essential for maintaining stem cells involves telomere repeat addition by telomerase. In settings of insufficient telomerase, telomeres shorten with each cell division, eventually compromising end protection at a subset of chromosome ends, which results in a local DNA-damage response that impairs stem-cell self renewal and progenitor cell survival 8, 9 . In addition to this role for telomerase in supporting tissue progenitor cells by maintaining telomeres, gain-of-function experiments revealed that telomerase serves a more direct function in tissue progenitor cells. Conditional overexpression of TERT in mouse skin activated quiescent bulge stem cells and caused a rapid developmental transition in the hair follicle from telogen, the resting phase of the hair follicle cycle, to anagen, the active phase 5 , which strikingly phenocopies the effects of b-catenin overexpression in mouse skin [2] [3] [4] . The ability of TERT to activate tissue stem cells required neither the telomerase RNA TERC nor the reverse transcriptase activity of TERT and is therefore independent of its catalytic role in adding telomere repeats 5, 10 . Gene expression studies on inducible TERT mouse skin together with pattern-matching algorithms suggested that the TERT-controlled gene expression pattern significantly resembled the transcriptional programs regulated by Wnt and Myc 10 . Other experiments have suggested the existence of telomere length-independent activities for telomerase in cellular transformation [11] [12] [13] , proliferation 14 , stem-cell biology [15] [16] [17] , cell survival 18 and chromatin regulation 19 . However, the mechanisms by which TERT exerts these effects in progenitor cells and cancers remain unknown. Here we report the unexpected finding that telomerase is a direct modulator of the Wnt/b-catenin pathway. TERT interacts with BRG1, occupies specific chromatin sites of Wnt/b-catenin target genes, activates Wnt reporters in culture and in vivo, and is important for the Wnt program in mouse embryonic stem (ES) cells and in Xenopus embryos. These data reveal a significant level of integration between two pathways required for stem-cell proliferation and selfrenewal with profound implications for understanding stem-cell regulation, development and carcinogenesis.
TERT interacts with BRG1 and activates Wnt reporters
To understand telomerase-mediated signalling, we purified TERT protein complexes from HeLa cells using tandem affinity chromatography coupled with nano liquid chromatography tandem mass spectrometry 20 . In replicate purifications, we identified numerous peptides derived from BRG1, a SWI/SNF-related ATP-dependent chromatin-remodelling factor that acts to modulate chromatin conformation 21 ( Supplementary Fig. 1 ). To circumvent significant challenges in studying endogenous TERT protein 22 , we introduced epitope tags into the Tert locus in knock-in mouse ES cells (Fig. 1a and Supplementary Fig. 2 ) and in knock-in mice (see below). Endogenous TERT was readily detected by immunoprecipitation and western blot analysis from ES cells in which a haemagglutinin (HA) epitope tag was inserted at the start codon of the Tert gene through homologous recombination (Fig. 1a, b) . Immunoprecipitation of endogenous TERT revealed the presence of BRG1 in TERT complexes (Fig. 1b and Supplementary Figs 3-5) . Domain mapping experiments showed that TERT interacts with the bromodomain of BRG1 in glutathione S-transferase pull-down experiments ( Supplementary Fig. 6 ).
Because BRG1 had been implicated as a b-catenin-interacting protein in the Wnt pathway 23, 24 , we tested whether BRG1 was required for transactivation of Wnt reporter plasmids. Stabilization of b-catenin caused by LiCl-mediated inhibition of GSK3-b led to strong upregulation of luciferase from a transfected reporter plasmid driven by multimerized TCF-binding sites (TOP-FLASH). Depletion of BRG1 with retroviral-encoded short hairpin RNAs (shRNAs) reduced luciferase expression by more than 50%, consistent with a role for BRG1 in controlling b-catenin-mediated transcription at TCF-dependent promoters (Fig. 1c, d ). These data showing that TERT interacts with BRG1, and that BRG1 is involved in the Wnt pathway, together with the similarities between the effects of Wnt proteins and those of TERT in hair follicle stem-cell activation prompted us to investigate a role for TERT in the Wnt/b-catenin signalling pathway.
We asked whether TERT could activate the Wnt pathway by cotransfecting a TERT expression plasmid together with TOP-FLASH.
Remarkably, overexpression of TERT was sufficient to hyperactivate the TOP-FLASH reporter in cells treated with LiCl, (Fig. 1e) without altering b-catenin protein level or subcellular localization ( Supplementary Fig. 7) . Similarly, reporter plasmids driven by promoters of other b-catenin target genes, including cyclin D1, c-myc (hereafter referred to as Myc) and siamois 25 , were also hyperactivated by TERT upon LiCl treatment (Fig. 1f) . Overexpression of TERT in SW-13 cells, which do not express BRG1, failed to enhance b-catenin reporter activity upon lithium treatment, and this defect in TERT signalling was restored through BRG1 overexpression (Fig. 1g) . Furthermore, BRG1 depletion using RNA interference abrogated the ability of TERT to hyperactivate TOP-FLASH reporter plasmids in HeLa cells (Fig. 1h) . TERT stimulated TOP-FLASH plasmids in Terc 2/2 mouse embryonic fibroblasts (MEFs) and a catalytically inactive TERT mutant (TERT ci ) stimulated Wnt reporters, indicating that the catalytic function of telomerase is not required for transcriptional co-activation ( Supplementary Fig. 8 ). These results suggest that TERT protein interacts with BRG1 to regulate Wntdependent promoters.
TERT activates the Wnt axis in vivo and in ES cells
To determine if the ability of TERT to activate the Wnt pathway extends to an in vivo context, we investigated the stem-cell niche of the gastrointestinal tract, where Wnt signalling through b-catenin and TCF proteins is required for maintenance of stem cells and progenitor cells 26 . Wnt signalling in the gastrointestinal tract was monitored using Axin2 lacZ/1 reporter mice, a knock-in strain in which bgalactosidase is expressed from the Axin2 promoter 27 . Axin2 T e r t H A /H A P a r e n t a l T e r t H A /H A P a r e n t a l 
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lacZ/1 mice by both whole mount and histology (Fig. 2a, b ). In addition, CD44, a transcriptional target of b-catenin in crypts, was upregulated by TERT ci overexpression (Fig. 2c ). These data show that TERT overexpression is sufficient to enhance significantly the transcriptional output of the Wnt/b-catenin pathway in progenitor cells of the small intestine.
To understand if TERT is required for Wnt signalling, we generated TERT conditional knockout mouse ES cells, incorporating a ROSA26-CreER allele, which enabled efficient deletion of TERT with tamoxifen treatment (Fig. 2d , e and Supplementary Fig. 9 ) 28 . WNT3A ligand efficiently induced Axin2 messenger RNA in TERT conditional knockout ES cells that retained TERT sequences. However, deletion of TERT in TERT conditional knockout ES cells with tamoxifen significantly diminished induction of Axin2 by WNT3A treatment (Fig. 2f) . Furthermore, deletion of TERT reduced basal expression of Axin2, which was rescued by overexpression of mouse TERT ci ( Fig. 2g, h ). Thus, TERT is required for efficient induction of Wnt target genes in mouse ES cells treated with WNT3A ligand.
TERT is required for Xenopus anterior-posterior axis formation Activation of Wnt/b-catenin signalling in the ventral vegetal region of Xenopus embryos causes duplication of the anterior-posterior axis 29 .
Injecting increasing amounts of Xenopus Tert mRNA together with a low amount of Xenopus b-catenin mRNA promoted formation of a duplicate anterior-posterior axis in a dose-dependent manner (Fig. 3a,  b) . Similarly, injection of Xenopus (x)TERT ci (D770A) mRNA in conjunction with Xenopus b-catenin mRNA also promoted secondary axis formation, indicating that this activity does not require reverse transcriptase catalytic function (Fig. 3c) .
Endogenous Wnt/b-catenin signalling has an important role in axial development and patterning of the ventrolateral mesoderm 30, 31 . We therefore asked if inhibiting TERT through injection of specific morpholinos altered Xenopus embryo development (Fig. 3d) . Remarkably, xTERT depletion by TERT morpholinos (TMO) caused a pronounced defect in anterior-posterior axis formation 32 (Fig. 3e  and Supplementary Table 1 ; dorso-anterior index score: TMO1, 3.7; TMO2, 3.2; StdMO control, 5.0). TERT inhibition led to ectopic neural tube formation and loss of the notochord, phenotypes also seen in knockout mouse embryos defective in components of the Wnt pathway (Fig. 3f ) 33 . These TERT phenotypes were efficiently rescued by co-injection with xTert, xTert ci or human TERT ci mRNAs resistant to TMO1, ruling out off-target effects of the TMOs and revealing that the developmental defects in TMO-treated embryos are due to impaired TERT-mediated signalling rather than a defect in catalytic function ( Fig. 3g and Supplementary Fig. 10 ).
Overexpression of xTert mRNA strongly activated co-injected TOP-FLASH reporter plasmids and xTERT depletion significantly reduced TOP-FLASH expression (Fig. 3h) . These results show that TERT is required for proper Wnt signalling and for formation of the anterior-posterior axis during frog development.
Homeotic transformations in Tert
2/2 mice
In addition to its critical role in formation of the anterior-posterior axis, Wnt signalling is also required for formation of the paraxial mesoderm 33 and subsequent generation of the somites from presomitic mesoderm 34 . We speculated that impaired Wnt signalling caused by TERT inhibition might therefore result in defects in somitogenesis. Somite-specific staining of Xenopus embryos revealed that TERT depletion disrupted somitogenesis, resulting in abnormal somite shape and impaired segment polarity (Fig. 4a) . Notably, the effect of TERT morpholinos on caudal development was particularly pronounced, consistent with the established role of WNT3A in posterior development in vertebrates 35 . WNT3A regulates posterior development in part through transcriptional regulation of Cdx1, a homeobox gene that directly regulates posterior Hox gene expression 36 . WNT3A ligand induced expression of Cdx1 in mouse ES cells by 12 fold, whereas conditional deletion of TERT in TERT conditional knockout ES cells strongly suppressed induction of Cdx1 by WNT3A (Fig. 4b) . Moreover, depletion of xTERT reduced levels of xCdx1, xCdx2 and xCdx3, as well as the Wnt target gene siamois, in TMO-treated Xenopus embryos at the late gastrulation stage (Fig. 4c) . Cdx genes are also regulated by FGF, retinoic acid and BMP signalling, in addition to Wnts [36] [37] [38] ; however, we detected no change in these pathways with TERT depletion, indicating that TERT contributes to Cdx gene regulation through its specific role in the Wnt/bcatenin pathway ( Supplementary Fig. 11 ). These data show that the endogenous TERT protein is required for appropriate regulation of Cdx genes by the Wnt/b-catenin pathway in mouse ES cells and in Xenopus embryos.
Analysis of telomerase knockout mice, including germline deletion of either Terc or Tert, led to the paradigm that first generation (G1) telomerase knockout mice are normal, but that continued breeding of telomerase-deficient strains leads to defects in renewing tissues caused by progressive telomere shortening and eventual loss of telomere protection 39, 40 . On the basis of our data showing clear involvement of TERT in Wnt/b-catenin signalling in diverse contexts, we analysed Tert 2/2 mice, focusing on the vertebrae of the spinal column, which derives from somites and depends on proper expression of Cdx and Hox genes 41 . G1 Tert 2/2 mice lacked telomerase activity but retained functional telomeres and showed none of the apoptotic defects seen in late generation (G5-G6) Tert 2/2 mice ( Supplementary Fig. 12 ) 42, 43 . Detailed analyses using skeletal preparations and high-resolution CT scanning revealed that G1 Tert 2/2 mice have homeotic transformations of the vertebrae (T13 to L1), characterized by loss of the thirteenth rib on one or both sides (6 out of 13 G1 Tert 2/2 mice with T13 to L1 transformation versus 0 out of 15 Tert 1/1 controls, P 5 0.0046; Fig. 4d-f and Supplementary Table 2 ). In addition, some G1 Tert 2/2 mice showed an L6 to S1 transformation ( Supplementary  Fig. 13 ). These homeotic defects in G1 Tert 2/2 mice strikingly resemble those in vestigial tail mice, which harbour a hypomorphic mutation in WNT3A and have homeotic transformations with similar penetrance (Supplementary Fig. 14) 
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TERT occupies Wnt target gene promoters
To address the mechanism by which TERT regulates transcription of Wnt/b-catenin target genes, we investigated occupancy of b-catenindependent gene promoters by chromatin immunoprecipitation (ChIP). Upon lithium treatment of HeLa cells, b-catenin and BRG1 became associated with promoter fragments containing known TCF binding elements (TBEs), including those within cyclin D1 and Myc, two genes directly regulated by b-catenin. ChIP revealed that stably expressed Flag-TERT was also associated with the TBEcontaining promoter fragments of the cyclin D1 and Myc promoters in a lithium-dependent manner (Fig. 5a, b) . Furthermore, sequential Fig. 15 ). TERT binding to TCF elements was analysed further through quantitative ChIP experiments using primer pairs spanning 20 kb upstream of the Axin2 and Myc genes at average intervals of 1 kb. The profile of Flag-TERT binding closely resembled that of TCF3 at both the Axin2 and Myc genes in HeLa cells stimulated with lithium (Fig. 5c) . Notably, the Flag antibody ChIP performed on parental HeLa cells lacking expression of Flag-TERT did not detect these promoter fragments, indicating that the Flag-TERT ChIP signals depended on the presence of stably overexpressed TERT protein. These data reveal that Flag-TERT physically associates with TBE-containing promoter fragments, along with BRG1 and b-catenin.
To understand if endogenous TERT protein participates in regulatory complexes at b-catenin-dependent genes, we engineered knock-in mice in which a multiple epitope tag was inserted in frame at the beginning of the Tert gene (AFH-TERT) ( Fig. 5d and Supplementary Fig. 16 ). Tert AFH/AFH mice were viable and telomerase activity from small intestine extracts measured by the telomere repeat amplification protocol (TRAP assay) was equivalent in Tert AFH/AFH mice and in wild-type littermate controls (Fig. 5e) . Immunoprecipitation and western blot analysis from protein extracts of the small intestine using anti-HA antibodies revealed an AFH-TERT band of the expected size specifically in Tert AFH/AFH mice (Fig. 5f ). Chromatin association of endogenous TERT with TCF sites was assessed by performing in vivo ChIP on small intestine using anti-HA antibodies and TCF3 antibodies. Primer pairs spanning 20 kb of the mouse Myc promoter at an average of 1-kb intervals were used in quantitative PCR to detect chromatin fragments associated with AFH-TERT and TCF3. AFH-TERT and TCF3 were bound to several chromatin regions spanning the Myc genomic sequences in a remarkably similar pattern (Fig. 5g) . Importantly, ChIP experiments performed in parallel using anti-HA antibodies and wild-type small intestine samples did not pull down Myc promoter chromatin, indicating that the chromatin fragments in the AFH-TERT samples were dependent on the presence of AFH-TERT protein. Consistent with these findings, HA-TERT was associated with chromatin from the Axin2 promoter in a pattern that overlapped with b-catenin in Tert HA/1 mouse ES cells (Supplementary Fig. 17 ). Furthermore, b-catenin was detected in AFH-TERT complexes purified from small intestine extracts of Tert AFH/AFH mice, but not in Tert 1/1 controls, indicating that endogenous TERT and b-catenin exist in a common complex ( Fig. 5f and Supplementary Fig. 18 ). These data show that endogenous TERT and TCF3 occupy similar chromatin sites in the Myc gene in small intestine, consistent with a role for TERT in b-catenin-mediated transcriptional responses in vivo.
Conclusions
Wnt signalling serves a critical role in development, in proliferating tissue progenitor cells and in human cancers 1 . In the absence of a Wnt signal, TCF/LEF transcription factors occupy their cognate sites in Wnt responsive gene promoters, where they recruit repressor proteins such as CtBP and Groucho/TLE 44 . In the setting of Wnt ligand, b-catenin displaces these repressors and recruits proteins that help to confer transcriptional activation at TCF/LEF binding sites, although the mechanisms governing this activation are not fully understood 45 . Proteins recruited by b-catenin to promoters include several complexes that modify or remodel histones, such as BRG1, CBP/p300, TRAAP, Mll1/Mll2 and SWR1, as well as proteins coupled to initiation and elongation by RNA polymerase II, such as MED12, hyrax, pygopus and CDK8 (refs 44, 46-48) . Thus, many modulators may be required for efficient tuning of the Wnt response and it is likely that some cofactors may be context-specific to explain how Wnt signalling leads to alternative cell fates, such as proliferation or differentiation. Our data indicate that telomerase represents one such cofactor that probably acts in a progenitor cell context to facilitate a Wntregulated program of self-renewal, proliferation or survival.
This unexpected role for TERT as a regulatory molecule modulating transcription complements the more widely appreciated function of telomerase in maintaining telomere repeats at chromosome ends. Dysfunctional telomeres that arise in settings of insufficient telomerase T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13   T1   T3   T2   T4  T5  T6  T7  T8  T9  T10  T11  T12   L1*   T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12   T11   T12   T13   T11   T12 strongly inhibit stem-cell self-renewal and impair survival of tissue progenitor cells, resulting in defects in telomerase knockout mouse tissues with high renewal requirements, including blood, gastrointestinal tract and testis 39, 49 . Similarly, mutations in telomerase components underlie the human stem-cell disorder dyskeratosis congenita, which is characterized by defects in blood, lung epithelium and epidermal structures 50 . Thus, it is likely that activation of the Wnt pathway to support progenitor cell proliferation also requires coordinated regulation of telomerase at telomeres to ensure that telomere dysfunction does not undermine the effects of Wnt proteins. This need for coordinated regulation of telomere maintenance and Wnt signalling in progenitor cells may have led to the direct incorporation of telomerase into the Wnt signalling pathway as a cofactor for b-catenin.
The contrast between the modest effects on Wnt signalling seen with germline deletion of Tert in mouse and the more severe consequences of inhibiting TERT in ES cells or in Xenopus embryos suggests the possibility that TERT function in the Wnt pathway is partially compensated in germline knockout mice. Such developmental compensation may occur through adaptation of the Wnt network and explain the mild phenotypes in mouse knockouts of other Wnt regulators, such as Axin2, Nkd1, Nkd2, Pygo1 and Pygo2. Our findings provide a mechanism to understand previous observations showing that TERT overexpression activates epidermal stem cells, as well as previous findings linking TERT to proliferation, survival and stem-cell biology in diverse contexts. Our data reveal an unanticipated level of convergence between the telomerase and Wnt/ b-catenin signalling pathways with important implications for understanding development, stem-cell regulation and cancer.
METHODS SUMMARY
ES cell targeting strategy and generation of knock-in mice. In-frame epitope tags at the initiating methionine were introduced in the Tert gene by homologous recombination in ES cells. For Tert HA/1 ES cells, a triple HA epitope tag was cloned into a TERT genomic plasmid isolated from a BAC, and the plasmid was transfected into ES cells expressing CreER from the endogenous ROSA26 promoter. The positive selection cassette was flanked by loxP sites and deleted by treatment with 4-OHT in culture. Tert AFH/1 ES cells were generated similarly to introduce a compound epitope tag comprising a Staph protein A sequence, a Flag epitope and a triple HA epitope in-frame with the initiating methionine. Correctly targeted ES cells were identified by Southern blot using both 59 and 39 probes. Tert 
